Morphological changes of the vasculature system in myopic patients have been observed. In 1977, Avetisov and Savitskaya [5] used fluorescein angiography to investigate ocular microcirculation of myopia and found delayed blood flow in high myopic eyes. Thereafter, several reports also demonstrated reduced blood flow and decreased retinal vessel diameter in myopic eyes. [6] [7] [8] The reduced retinal blood flow and vascular changes were thought to be involved in the degenerative changes of myopic eyes including chorioretinal atrophy, retinal thinning, and peripapillary atrophy. [6, 9, 10] However, these studies have been limited by low-resolution images obtained from Doppler ultrasound which mainly visualized large vessels.
Recently, a new noninvasive technique to detect retinal blood vessel by optical coherence tomography (OCT) angiography has been developed to evaluate retinal vasculature and perfusion. [11, 12] The advantages of this technique include noninvasive, high-resolution, and three-dimensional (3D) demonstration of retinal vasculature. [13] It provides both morphological information of retinal vessels as well as quantitative measurement of vascular density. [14, 15] The purpose of this study was to evaluate the vascular density in macula and optic disc region of myopic eyes using OCT and to determine the factors associated with the vascular density.
mEthodS

Study population
This prospective study was approved by the Institutional Review Board of the Aier School of Ophthalmology, Central South University. The methods were carried out in accordance to the tenets of the Declaration of Helsinki. Patients with myopia were recruited from the Refractive Department, Shenzhen Aier Eye Hospital (Shenzhen, China), from August 5, 2015 to April 1, 2016. Emmetropic eyes were from healthy volunteers (14 eyes of seven volunteers). Written informed consent was obtained from all participants. Participants with different refractive status were divided into three groups, including high myopic group (28 eyes, spherical equivalent ≤ −6.00 Diopter [D]), moderate myopic group (33 eyes, spherical equivalent ≤−3.00 D and > −6.00D), and control group (30 eyes, spherical equivalent <3.00 D and > −3.00D).
Inclusion criteria consisted of (1) age >18 years old; (2) intraocular pressure <21 mmHg (1 mmHg = 0.133 kPa); and (3) best-corrected visual acuity (BCVA) better than 20/40. Exclusion criteria consisted of (1) a history of intraocular surgery or ocular trauma; (2) a history of posterior segment laser or scleral buckling surgery; (3) retinal detachment; (4) blurred optical media due to keratitis, cataract, or other ocular diseases; and (5) a history of hypertension and diabetes mellitus and other systemic diseases which may affect the diameter of vessels.
Study design
All participants underwent comprehensive ocular examinations, including measurements of the refractive error, BCVA, axial length (AL) using a coherence interferometry biometric measurement device (IOL Master; Carl Zeiss Meditec, Oberkochen, Germany), slit-lamp biomicroscopy, and mydriatic fundoscopic evaluation. OCT angiography was performed in all the included participants with RTVue XR OCT Avanti system (Optovue Inc., Software Version 2015.1.0, Fremont, California, USA), which uses 840 nm (bandwidth of 45 nm) light as its light source and has a scan speed of 70,000 Hz A-scans per second. The axial resolution was 8 μm and lateral resolution was 10 μm. Both eyes of each participant were examined and scanned. The following scanning protocol was used: (1) wide-field 12 mm × 9 mm scan; (2) ganglion cell complex (GCC) measurements were obtained by the MM7 protocols, which covered 7 mm × 7 mm scan area centered on the fovea; (3) 3D scan centered on the optic disc, and the peripapillary RNFL thickness was measured automatically by the previous OCT software; and (4) enface OCT angiography scans acquired over a 3 mm × 3 mm area over the macula and a 4.5 mm × 4.5 mm area over the optic disc using five repeated B-scans at 216 raster positions, with each B-scan consisting of 216 A-scans. Four volumetric raster scans including two horizontal priority (X-fast) and two vertical priority (Y-fast) scans were consecutively obtained. Best quality X-and Y-fast scans were processed by the split-spectrum amplitude decorrelation angiography algorithm, and motion artifacts were removed by 3D orthogonal registration and merging of two scans. [16] The segmentation results were reviewed, and the images with segmentation error were excluded [ Figure 1a and 1c]. Images with poor signal strength (signal strength index <50) and severe motion artifact were also excluded [ Figure 1b and 1d].
Macular superficial, deep, and optic disc angiograms were exported and imported into a public available software, Image J (version 1.49, National Institutes of Health, Bethesda, Maryland, USA), for image processing and vascular density measurement. Superficial and deep retinal vascular density on macular and optic disc area were calculated as previously described in literature. [17] Binary images of vascular networks were created using an automated thresholding algorithm. Vascular density was defined as the percentage area occupied by blood vessels, with the blood vessels being defined as pixels having values above the threshold level [ Figure 2 ].
Statistical analysis
Statistical analysis was performed using a commercially available statistical software package, SPSS for Windows (version 19.0, SPSS, Inc., Chicago, IL). The distribution of age, gender, AL, spherical equivalent, superficial and deep retinal vascular density on macular and optic disc regions, peripapillary RNFL thickness, and GCC was compared between each group using one-way analysis of variance (ANOVA). Least Significant Difference was used for post hoc test. Relationship between macular vascular density, GCC thickness, spherical equivalent, AL, optic head vascular density, and RNFL thickness was assessed using Pearson's correlation. Generalized estimating equation adjusting for inter-eye correlation was used to investigate the relationship of parameters. A value of P < 0.05 was considered statistically significant.
rESultS
One hundred and eleven eyes of 57 participants with different refractive statuses were included in this study. Twenty eyes were excluded from the analysis due to poor signal strength and segmentation error. Finally, 91 eyes from 47 participants were evaluated and analyzed in this study. These 91 eyes were divided into three groups: control (28 eyes), moderate myopia (33 eyes), and high myopia (30 eyes) groups.
Comparisons of the parameters among the three groups were shown in Table 1 . There was no significant difference in age among the three groups. The mean ALs of control, moderate myopia, and high myopia groups were 23.28 ± 0.48 mm, 24.98 ± 0.49 mm, and 29.01 ± 2.69 mm, respectively. The mean spherical equivalences of control, moderate myopia, and high myopia groups were −0.68 ± 0.68 D, −3.84 ± 1.34 D, and −11.63 ± 5.36 D, respectively. The high myopia group had worse BCVA compared to the other two groups (P < 0.001).
The superficial retinal vascular density of macula in high myopia (19.64% ± 3.87%) and moderate myopia groups (21.15% ± 5.33%) was significantly less than control (25.64% ± 3.76%, all P < 0.01) group. The deep retinal vascular density in the high myopia group (32.81% ± 6.29%) was also less than that in control group (37.12% ± 3.66%, both P < 0.05), while the deep vascular density in moderate myopia (35.35% ± 5.50%) group was between these two groups [ Table 1 and Figure 3 ]. The RNFL thickness and GCC thickness were also lowest in the high myopia group and highest in the control group [ Table 1 ]. The superficial retinal vascular density in 4.5 mm × 4.5 mm optic area was not statistically significantly different among the three groups. Figure 4 shows the scatter plots and Pearson's correlation coefficients of vascular density at macular and optic disc regions with AL, spherical equivalent, GCC thickness, and RNFL thickness. After adjusting for inter-eye correlation using generalized estimating equation, the superficial macular vascular density was significantly associated with AL (beta coefficient [β] = −0.850, P < 0.001), spherical equivalent (β = 0.460, P < 0.001), and GCC thickness (β = 0.308, P = 0.001). The deep vascular density was also significantly associated with AL (β = −0.766, P < 0.001), spherical equivalent (β = 0.396, P = 0.001), and GCC thickness (β = 0.230, P = 0.018). The vascular density in We further found that both spherical equivalent and superficial macular vascular density were the independent factors associated with GCC thickness (β = −0.616, P = 0.001 and β = 0.244, P = 0.040, respectively), in the multiple regression model, after adjusting for inter-eye correlation. Images of OCT angiograms in eyes with various ALs were shown in Figures 5 and 6 . Eyes with longer ALs had less superficial and deep vascular density in macular region.
diScuSSion
In this study, we investigated the vascular densities of macular and optic disc regions in 91 eyes of different refractive statuses using OCT angiography. We found that decreased superficial and deep vascular density in macular area were associated with longer AL, higher degree of myopia, and decreased GCC thickness. Multiple linear regression model showed that the association of macular vascular density and GCC thickness was independent of spherical equivalent. The vascular density in optic disc area was not associated with spherical equivalent, AL, or RNFL thickness.
In a prior study, Wang et al. [18] also evaluated myopic eyes using OCT angiography. In contrary to our study, they reported that there is no difference in the parafoveal retinal vascular density (P = 0.823) among groups of different refractive statuses. However, Wang et al. [18] did not include eyes with pathologic myopic eyes which had chorioretinal atrophy, lacquer cracks, lattice degeneration, staphylomas, and paving stone degeneration. We did not exclude patients with myopia with peripheral retinal degeneration since peripheral retinal degeneration is very common in myopia, especially high myopia. Exclusion of such subjections may lead to selection bias. Furthermore, in our study, we also included higher myopia. The mean SE was only −8.0 D in their high myopia group but −11.63 D in our group. Our study has wider spectrum in different severity of high myopia.
Decreased blood flow and perfusion of retinal vessels in myopic eyes have been reported in previous studies. Karczewicz and Modrzejewska [19] found decreased blood flow in myopia using Doppler ultrasonography. Zheng et al. [20] investigated retinal vessel diameter in high myopia and found that both retinal arteriole and venue diameter were narrower than emmetropic eyes. Shimada et al. [6] demonstrated reduced retinal blood flow in high myopia and they thought that the decrease of blood flow was mainly due to narrowing of vessels. The mechanism of decreased blood flow and perfusion in myopic eyes is unknown. In the present study, the macular vascular density in myopic eyes, especially high myopic eyes, decreased. The hypothesis is that with the elongation and expansion of the eyeball in high myopic eyes, the retinal vessels were straightened and attenuated, which led to decreased blood flow and perfusion. In a study using fractal dimension to measure the density of retinal vasculature complex, the loss of retinal vascular density with moderate-to-high myopia has been reported. [21, 22] Our study also found that macular vascular density is associated with the GCC thickness. The association is dependent of refractive error. GCC consists of the three innermost layers of the retina: inner plexiform layer, ganglion cell layer, and nerve fiber layer, which was supplied by the superficial retinal vessel. [23] Therefore, it is not surprising to find the positive correlation. The decrease of ganglion cells lowered the retinal oxygen requirement of the retina, which is associated with the reduction of vascular density in highly myopic eyes.
In the present study, we did not find statistical difference of vascular density in optic disc area between the three groups, which is also contradictory to the report of Wang et al. [18] One of the possible explanations may be the different method and different area measurement used in different studies. In the study by Wang et al., [18] the peripapillary region was defined as a 700 μm-wide elliptical annulus extending outward from the optic disc boundary while we measured the entire 4.5 mm × 4.5 mm region centered on optic disc.
Some of the artifacts in OCT angiography are caused by segmentation error or poor image quality. [24, 25] Due to the steep posterior segment curvatures in some high myopic eyes which is sometimes irregular, patients are prone to segmentation error. In our study, the autosegmented slabs generated from the inbuilt software were carefully reviewed and the cases with segmentation error were excluded. Poor-quality images were also excluded from the study.
There are some limitations in this study, including the relative small number of participants and no measurement of the retinal flow index. The mechanism of decreased macular vascular density in high myopia is still not clear. Causality of vessel changes and retinal atrophy in myopia still needs further research.
In conclusion, noninvasive technique of OCT angiography demonstrated that with the increase of AL, the superficial and deep retinal vascular density decreased in macular region, but not in optic disc region. 
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